This work deals with measurements of absorbed dose in bone due to beta-rays using thermoluminescent dosimeters. The calibration of the CaSO4: Dy dosimeters was performed by immersing them in a solution 9OSr-90Y The dose rate was then computed from the known concentration of the solution. Theoretical calculations based on the Monte Carlo method were made for beta-emitting radionuclides contained in small polypropylene tubes. Comparison between the results of measurements and calculations shows that the model designed for Monte Carlo calculation is reasonable. KEY WORDS: absorbed dose, beta-ray, bone, Monte Carlo, thermoluminescent dosimeters I INTRODUCTION
The 90Sr-90Y has been in the skeletons of all living persons throughout the world as a result of nuclear detonations. Because 90Sr is normally found in fallout from nuclear testings and chemically similar to calcium, it is deposited in bones and teeth as well.
The measurement of absorbed dose to bone due to B-rays was made using thermoluminescent dosimeters (TLD) and constitutes the experimental part of this paper, while the Monte Carlo calculation constitutes the main part of this paper. Both the measurement and computational methods were compared using 90Sr-90Y as the B source and the femur of swine as the bone medium.
The bremsstrahlung radiation induced when Bparticles traversed a medium was also taken into account in the development of the Monte Carlo calculation. The calibration of the dosimeters was based on the principle that the energies emitted per unit mass are equal to the energies absorbed per unit mass as long as the dimensions of the medium are far greater than the maximum range of B-particles.
The dosimetry of radionuclides in bone is an integral part of radiation protection, particularly for internal exposure as indicated in the ICRP publication 30, Part 1 (1978) in which a whole chapter is written on this subject. This paper is intended to provide additional dosimeteic data for bone.
II METHODS AND MATERIALS

Monte Carlo calculation (1) Beta-Particle transport consideration
The principal interactions of B-particles with matter such as elastic nuclear scattering, inelastic scattering with atomic electrons and bremsstrahlung radiation have been reviewed extensively by several authors.1) One of the models to solve electron transport problems is called the continuous slowing down model.2) In that model a charged particle which traverses matter following a continuous path will terminate at a point when all its energy is dissipated. The average path length of monoenergetic particles is defined as the range R. For the calculation of electron dose in bone, SPIERS3) made the assumption of straight particle tracks. Under his assumption, the range R is replaced by a projected range t. For a model of a plane slab of bone and for particle energies higher than 0.2MeV, it is equal to 0.7R. For particles having energies less than 0.2MeV, * CHARLETON and CORMACK4) predicted that the distribution of projected range began at t=0.4R and rose linearly to a maximum at t=0.65R, and finally fell linearly to zero at t=R. The usual expression for the projected range t
E=particle energy in MeV t=projected range in g/cm2 R=range in g/cm2 F=the ratio of range to projected range. The range for several elements and materials has been tabulated by PAGES. 5 The usual expression for the range R is
where A and m are coefficients of the range-energy formula and both are functions of E.
When electrons are at very low energies (keV order), NELMS6) reported that a linear interpolation of range can be expressed as follows:
Using the projected range Eq(1), and range, Eq(2), Eq(3) expressions, the energy deposition, E(x), between the starting point of the particle and any point x on the projected route can be expressed as:
where, E(x)=energy loss of B or e-in MeV x=projected length of traveling B or ein cm D=density of the existing medium in g/cm3. The cross section of the production of bremsstrahlung radiation from the interaction of electrons or B-particles with the atom has been described by many investigators. For example KOCH and MOTZ7) suggested the empirically corrected Born approximation; ZERBY and BRYSK8) treated the bremsstrahlung by using modified Coulomb waves and screen; KULENKAMPF and SCHMZDT9) used a differential form of the empirical intensity formula. PAGES tabulated the bremsstrahlung yield for many elements and materials based on the Koch and Motz modeling.
ZERBY1 mentioned that the bremsstrahlung sources could be assumed to have an isotropic angular distribution on the inward directed hemisphere. In the projected range model, because the 3-particle is no longer on its true direction, it is more reasonable to assume an isotropic angular distribution.
(2) Procedure of the Monte Carlo calculation Most of the Monte Carlo electron transport computer codes such as BETA-II10), etc. described the electron transport by assuming that an electron's path could be divided into a series of small straight line segments and expressed analytically the net result of all interactions occurring along that segment. For saving computer time, the Spiers' projected range model was used.
The geometry model of the calculation is shown in Fig. 1 . Since the electron transport data for the polypropylene capsule, the 90Sr+90Y source solution, the TLD (CaSO4: Dy) and the yellow marrow are not available, the corresponding parameters of C3H8, H2O, CaSO4 and tissue were used instead.
The calculation procedure are as follows.
(1) Sample the position of the uniformly distributed radiation source.
(2) Sample the energy of B source 90Sr-90Y. We separate the energy spectrum to six groups, as shown in Table 3 .11
(3) Sample the particle direction. (Table 1 ) and constant C (Table 2) of range equation unchanged during the continuous slowing down while the particle is losing its energy until it reaches the boundary of each energy region.
(6) Generate the bremsstrahlung radiation by a probability function for the bremsstrahlung yield as suggested by PAGES5) with isotropic direction and uniformly distributed energy from 0 to EB where EB is the energy of the S producing bremsstrahlung. (7) Assume no attenuation effect before the bremsstrahlung radiation enters the TLD region and express the energy absorption of bremsstrahlung in the TLD region by Ed=Eb(1-et) Table 1 The parameters of range-energy formula R(E)=A(E)Em(E) in various materials. Table 2 Values of constant C for various materials (g/cm2-MeV). Table 3 The average energy absorption in the TLD per B-particle by Monte Carlo calculation. The TLD CaSO4: Dy dosimeters were fabricated in National Tsing Hua University. 19, 20) The process was as follows: 75mg of powdered Dy203 were dissolved in a few cm3 of diluted H2SO4, and the solution was added to 250cm3 of concentrated H2SO4, which was heated to about 250C in a flat, open dish inside a fume hood. Then 34.4g of powdered CaSO4.2H2O were added to the hot acid. The acid was slowly evaporating at about 300C. The resulting CaSO4 crystals which were activated with 0.1 mol % of Dy2O3 were then reduced in size with mortar, pestle and sieve. The size fraction of 100 to 300pm could go through easily an automatic dispenser.
Measurement
The resulting crystal powder was heated for 1-2hr to 700-750C in an open crucible to remove residual H2SO4. This procedure resulted in 20-22g of CaSO4: Dy phosphor whose glow curve, sensitivity, and other characteristics could be compared favorably to those of the commercial products.
Before and after irradiation, the TLD CaSO4: Dy powder was annealed at 400C for 1hr. The small amount (5.0mg exactly) of CaSO4: Dy powder was heat-sealed in the 0.30mm thick polypropylene tubes to form capsules 1.65mm o.d.x9.00mm long (net length 5.00mm). The dosimeters were kept in a large lead container (made by Harshaw) to reduce the background radiation.
The dosimeters were exposed to B-radiation in a PVC beaker of 21 volume containing known specific activity of diluted 90Sr-90Y aqueous solution. Carrier (Sr(NO3)2) was added to avoid accumulation of activity on the walls of the PVC beaker and on the dosimeters.12,21) After the exposure, the dosimeters were washed with 0.1N diluted HNO3 aqueous solution; then the walls of dosimeters were checked using the smear test method to make sure that no activity remained on them.
Each time, 4 dosimeters were immersed in the 90Sr-90Y solution. The distance between the dosimeters was kept twice the B range of 90Y.
Finally, the dosimeters were cut open carefully and emptied into the planchet for reading. In all cases, precise weight was measured. The TLD reader used was a Teledyne/Isotopes TLD 7100. The applied voltage was 1,200V, the heating current 0.70A, and the constant flow of nitrogen 0.1416m3/hr (=5ft3/hr).
When the B-emitter radionuclides are uniformly distributed in an infinite volume, the B-dose at any point in the infinite volume is constant. The 3-dose can be calculated from the exposure time. The dose-rate formula is:
where C is the radionuclide specific activity in Bq/kg, and EB is the mean B-energy in MeV.
In the calibration experiment, the B-dose was calculated from the irradiation time with known specific activity. To calculate the B-dose of 90Sr-90Y in Eq (6) , the Ea should include the mean 3-energy of 90Sr and 90Y. Theoretically, only 17.7% of the B-dose is due to the 90Sr, and 82.3 of the B-dose is due to the 90Y, because the Ea of 90Y is much larger than that of 90Sr.
In this experiment, the 90Sr-90Y solution was diluted to various specific activities, but the pH=1, and the solution containing 100mg carrier per liter was kept constant in all dilute procedures.
(2) The B-dose in bone due to 90Sr-90Y The bone tumor induction has been demonstrated in swine by bone-seeking radionuclides 90Sr. [22] [23] [24] [25] [26] For example, HOWARD et al. 24 ) have studied 90Sr induced bone tumors in the minature swine, and WATSON25) has also studied similar problem.
The bones which were studied were the femurs of swine. The femurs were not chronically ingested with 90Sr but were bought from the market of Hsinchu City, then the femurs were preserved in the plastic bag kept frozen.
The single frozen femur was sawed transversely. The 90Sr-90Y B-source was made in the form of capsules with polypropylene tubes.
The dosimeter was inserted in the yellow marrow cavity of the femur. The 90Sr-90Y capsule was also inserted in the yellow marrow cavity (Fig. 2) . The thickness of yellow marrow between dosimeter and 90Sr-90Y is shown in Table 4 .
From Table 4 and Fig. 2 , the B-dose in the yellow-marrow cavity was affected by the thickness of yellow-marrow and the range of B-particle. If the distance between the dosimeters and the 90Sr-90Y source capsule was over the maximum fl-range of 90Y in the yellow marrow, then the absorbed dose in the dosimeter was presumably due to the bremsstrahlung only.
The energy of bremsstrahlung is proportional to the atomic number Z of material and also to the maximum B-energy E by the formula: f-3.5x10-4ZE (7) where f is the fraction of the energy of f3-particle converted to bremsstrahlung.
If Z is the thickness of 90Sr-90Y source capsule, and R(E0) is the range of B-particle with energy E0, then the range of B-particle passing through the capsule is R(E)=R(E0)-1.
III RESULTS
The result of the Monte Carlo calculation for 5x104 B-particles per energy group sampling from a 0.395cm distance between source and target central line is shown in Table 3 .
The result calculated by Monte Carlo method was the energy absorption in TLD per B-particle and was designated as the target gain or ETG in MeY/B fi as shown in Table 4 .
IV DISCUSSION
The difference between the data obtained by measurement and calculation may be attributable partly to the inappropriateness of selecting the values of parameters for the range-energy formula Eq(2) and partly to the inexactitude of measuring the distances in bone medium.
Some assumptions have been made for the Monte Carlo calculation, e.g., the data for electron transport in the medium of interest. The coefficient of variation in the calculation was about 0.76%. On the other hand, the coefficient of variation in the measure values was about 8.7% due to errors in weighing TLD powder (=1%) and other factors concerning the distribution of 90Sr-90Y in capsule, capsule thickness, capsule absorption of fl particles, TLD fading, and yellow marrow thickness.
Both the simulation of 90Sr-90Y contaminated bone and the application of TLD in this measurement greatly simplify the measuring procedures. The consistency in Monte Carlo calculation and measurement suggests that the model adopted in the present paper is fundamentally acceptable. Table 4 Results of Monte Carlo calculation and measurement. Fig. 2 CaSO4 e Dy dosimeter exposed to 90Sr-90Y source in the femur of swine.
